A particle model of plasma was coupled with electromagnetic wave propagation to reproduce a filamentary structure and diffusive pattern in a microwave breakdown. The thrust performance of a microwave rocket was estimated by combining discharge calculation and computational fluid dynamics (CFD). An external magnetic field is applied to the discharge volume to improve thrust performance for low ambient pressure by combination of magnetic confinement and resonance heating technique. The magnetic field suppresses the propagation speed of the ionization front because the electron cannot cross the magnetic field at lower pressure, whereas propagation speed increases with decreased ambient pressure when no magnetic field is applied. The energy absorption rate increases when electron cyclotron resonance (ECR) occurs with the corresponding magnetic field, which improves the thrust performance of the microwave rocket.
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Introduction
In recent years, the demands for small satellites has gradually increased for commercial use, science education at the university level, and national security. Small satellites are launched using a shared-ride piggyback method; however, this method restricts launch timing and launch orbit, because the main satellite has priority for the launch mission. Thus, it is necessary to establish an exclusive scheme to launch small satellites while reducing the operation costs of launch missions. Microwave propulsion using a high-averaged power microwave transmitter established on the ground has been proposed for this purpose. Intense microwaves are irradiated onto the microwave rocket, and the transmitted microwave is focused using a parabolic mirror on the rocket. A strong shock wave is driven by microwave breakdown, which supplies an impulsive thrust through interaction between the shock wave propagation and the thruster wall. A filamentary plasma was observed using a high-speed camera under atmospheric pressure in past experiments of microwave propulsion using an MW-class gyrotron. 1, 2) The discrete plasma propagates toward the microwave source at km/sorder velocity, and the distance between each filament is onequarter of the incident microwave wavelength.
3-7)
Pressure dependence on the discharge structure was also examined using a vacuum chamber. A parabolic thruster was placed inside the chamber, and the microwave was irradiated onto the thruster using a waveguide. No filamentary plasma was observed at low ambient pressure, and the obtained thrust drastically decreased with decreased pressure. 1, 2, 8, 9) It is necessary to improve the thrust performance of the microwave rocket at lower pressure because the launching system fails at higher altitudes if thrust performance decreases with decreased ambient pressure.
Numerical simulation was conducted to reproduce the filamentary and diffusive patterns at atmospheric and lower pressures using a plasma fluid model. [5] [6] [7] Fluid simulation revealed that the plasma filamentation occurs because a standing wave is induced due to microwave reflection from the over-critical plasma at atmospheric discharge. The breakdown pattern be-comes diffusive with decreased pressure because electron diffusion becomes dominant at lower pressure. When an external magnetic field is applied to the breakdown volume, plasma filamentation is induced even at lower pressure because electron diffusion is suppressed by the magnetic field.
10) The propagation speed of the ionization front is controlled using an external magnetic field because ionization frequency and electron diffusion are handled by resonance heating and magnetic confinement. There is a possibility to improve thrust performance of the microwave rocket using a magnetic field; however, shock wave generation and thrust performance of the rocket were not assessed in a magnetic field.
In this study, we reproduce the discharge structure of microwave breakdown at lower pressure using particle modeling of the plasma coupled with electromagnetic wave calculation. Computational fluid dynamics (CFD) simulation is used to reproduce shock wave propagation around the microwave rocket, and the thrust performance of the microwave rocket is assessed using fluid simulation. The mechanism of thrust performance decrease is identified at lower pressure, and thrust performance is improved using the external magnetic field.
Numerical Methods
Electromagnetic field
Electromagnetic wave propagation and reflection by plasma are reproduced using a finite-difference time-domain (FDTD) method because interactions between the incident microwave and the plasma play an important role for the pattern formation of plasma. Maxwell's equations are solved using the onedimensional (1D) FDTD method to simulate microwave propagation:
In the 1D FDTD method for the TE wave, the electric field E has two-components and is calculated at time step n by
where E x and E y are electric field components in x-and ydirections, respectively, J x and J y are current density components in x-and y-directions, and H z is magnetic field in zdirection. The magnetic field H has one component and is evaluated at time step n + 1/2 by
For boundary condition, the Mur absorption boundary 11) is used to reproduce open boundary by damping the electromagnetic wave. The current density J in Eq. (2) is estimated in the 1D particle modeling using the weighting technique in order to couple motions of the charged particles and the microwave propagation.
Fully kinetic modeling of plasma
Kinetic modeling is chosen for plasma description to examine cyclotron motions of charged particles under the magnetic field during microwave breakdown. The particle-in-cell (PIC) method is used to trace the charged particle motion, and the Monte Carlo Collision (MCC) model is coupled with the PIC module to introduce reactions by particle collision with neutral particles. The Debye length should be resolved using a dense grid in the PIC-MCC calculation, and 1D calculation is conducted with three velocity (3V) components to save computational cost. In the 1D3V PIC module, the equations of motion for the electron and the ion are integrated to describe particle motions induced by the microwave field:
The equation of motion of charged particles is integrated using the Buneman-Boris method 12) which guarantees that no work is induced by the magnetic field. The velocity of charged particles is calculated by
where S = 2T/(1 + T 2 ) and T = (q/m)∆tB n−1/2 /2. The particle position of charged particles is simulated in the 1D simulation by
where v x is x-component of the particle velocity. Charge density is assessed using weighting of super particles. If the particle position x n is x i ≤ x n ≤ x i+1 , charge densities at grid points (i) and (i + 1) are calculated by
Using weighting of super particles, the current density is evaluated by J = qnv on the 1D3V PIC module and is fed back to the Maxwell's equations of Eq. (2) in the FDTD calculation. For calculating the current density, the electric charges and the particle velocities are averaged around the grid point to reduce particle noise. The current density is estimated by weighting as Pb_211 follows:
where v x and v y are velocity components of super particles in the x-and y-directions, respectively. The wave reflection and the damping by the plasma are reproduced based on the feedback of the current density to the FDTD simulation.
The collision reaction is incorporated by combining the MCC model with the PIC module. Electron-neutral elastic collision, electron-impact ionization, electron-impact excitation to the first excited state, neutral dissociation, and ion-neutral elastic collision are introduced in the MCC module for a reactive system of N 2 , N + 2 , N * 2 , N, and e − by assuming the pure nitrogen gas. The number of charged particles drastically increases by the ionization process, and charged particles are combined to save the computational load when the number of the charged particles exceeds the threshold in each cell. The Nanbu method 13) is used to evaluate collision's existence or non-existence and reaction type. Collision probability P i (n) of the particle i is estimated by
where n is the reaction type, N j is the number density of particle j, σ is the collision cross-section with collisional energy ϵ, and g i j is the relative velocity between particles i and j. The maximum of n is 4 for electron collisions because elastic, excitation, ionization, dissociation reactions are introduced in electron collisions, and n = 1 is chosen for ion collision because of ion-neutral elastic collision. Collision's existence or nonexistence and reaction type are determined by combining the collision probability and random number. The MCC model is coupled with the PIC module using the Birdsall method.
14)
2.3. Flowfield computation around a microwave-rocket nozzle A shock wave is driven inside the microwave-rocket nozzle because of gas heating by the intense microwave. Interaction between the shock wave propagation and the thruster wall induces impulsive thrust for the microwave rocket. Shock wave propagation in the rocket nozzle is numerically reproduced by depositing the absorption energy of the plasma into the flowfield. The energy absorption rate of the plasma is evaluated using PIC-MCC and FDTD coupling calculations. Pressure dependency on thrust performance is estimated by solving interactions between the thruster wall and the shock wave using the CFD code. Two-dimensional (2D) axisymmetric Euler equations are integrated to reproduce the shock wave propagation around the microwave rocket:
whereŜ is source term by the microwave heating. Discretization is performed in a cell-centered finite-volume manner.
15) The AUSM-DV method 16) is employed for numerical flux with the second-order MUSCL method. 17) In the MUSCL method, we choose characteristic variables as interpolation quantities and use the minmod limiter to fulfill the TVD condition. Numerical flux is calculated using a local rotation matrix to introduce a general curvilinear coordinate. 18, 19) Time integration for unsteady blast-wave propagation is performed using the first-order explicit Euler method.
Simulation Conditions
FDTD and PIC-MCC coupling simulation to repro-
duce the discharge structure The microwave frequency is 110 GHz, and the maximum intensity of the incident field E y is 5 MV/m, following experiments by Hidaka et al. 3, 4) The 1D computational domain has a length of 2.25λ (microwave wavelength: λ = 0.27 cm). There are 40,000 grid points to resolve the Debye length of the atmospheric plasma. The initial plasma spot is set at x = 0.33 cm on the simulation domain to simplify the first gas breakdown by microwave focusing, and the microwave is injected from the left boundary. The external magnetic field B z is applied to the computational domain to restrict electron motion, while the incident electric field E y oscillates in the y-direction and induces scattering of the electron and ion in the x-direction through the collisions. Electron cyclotron resonance occurs because the electron cyclotron motion is synchronized with the incident wave if the electron cyclotron condition (ω c = ω, where ω c is cyclotron frequency and ω is incident microwave frequency) is satisfied.
Fluid simulation to calculate thrust
We assume that magnets are installed on the microwaverocket nozzle to apply the magnetic field to the breakdown plasma generated inside the nozzle (Fig. 1) . A cone-cylinder microwave rocket 1, 2) is computationally modeled to estimate thrust performance using the CFD code. The half-angle of the rocket cone is 30 degree, the nozzle radius is 30 mm, and the nozzle length L is 18 cm, following experiments by Oda et al. 1, 2) The computational grid for the flowfield is divided into six parts using the multi-block method to simplify the setting of boundary conditions (Fig. 2) . Absorption energy and propagation speed of the ionization front are calculated using the PIC-MCC simulation, and the heating energy is deposited into the flowfield to drive the shock wave in the rocket nozzle. The heating region moves toward the nozzle exit (x = 193 cm) at the propagation speed of the ionization front U i . Based on Oda's experiments, 1, 2) maximum thrust performance is obtained if l = L/(U i τ) = 1 (where l is normalized heating length and τ is microwave injection time), and l = 1 is always satisfied in this study. The slippery boundary condition is used on the thruster wall, and other outer boundaries are treated as zeroth-order extrapolation. The computational domain is sufficiently large to reduce reflection waves from the outer boundaries. Thrust is calculated by integrating the surface pressure on the thruster wall. 
Results and Discussions
Deceleration of ionization-front propagation by the external magnetic field
The discharge structure of microwave breakdown is reproduced using the PIC-MCC and FDTD coupling calculation. Microwave plasma propagates toward the microwave source at the order of 10 km/s at 1 atm without the magnetic field, which is the same order as in past works 3, 4, 7) (Fig. 3) . Electron-impact ionization and electron diffusion drive the plasma toward the microwave source. The propagation speed of the ionization front is roughly estimated by 2 √ D e ν i based on the theoretical study.
6) Propagation speed increases with decreased ambient pressure because the electron easily diffuses due to infrequent elastic collision. Maximum speed is 2,400 km/s at 0.01 atm without the magnetic field. However, propagation speed decreases at 0.006 atm due to decreased ionization frequency as a result of the reduced pressure. Propagation speed decreases for less than 0.01 atm because ionization frequency decreases due to loss of neutral particles. Thrust performance of the microwave rocket decreases at lower pressure because the heating region at the ionization front instantaneously flows away from the rocket nozzle due to the higher propagation speed of the ionization front. It is necessary to suppress the propagation speed of the ionization front in order to concentrate the heating region inside the rocket nozzle and to generate a stronger shock wave.
Applying the magnetic field suppresses the propagation speed of the discharge plasma, due to magnetic confinement of the electron diffusion. With 1 T, the propagation speed becomes slower than with 0 T at lower pressure because the electron cannot cross the magnetic field due to decreased elastic collision. At 0.006 atm, the propagation speed becomes 1/2.6 times slower than for 0 T because of strong magnetic confinement. When a stronger magnetic field is applied, lower propagation speed is usually obtained because of magnetic confinement; however, the propagation speed for 3.93 T exceeds that for 1 T at less than 0.01 atm. For 3.93 T, electron-impact ionization is enhanced at lower pressure because the electron is effectively heated by the ECR with the incident microwave (ω c = ω). The propagation speed for 3.93 T is determined by trade-off between magnetic confinement and enhancement of ionization, and the propagation speed becomes higher than for 1 T at low ambient pressure. Second-harmonic ECR occurs for 1.97 T (2ω c = ω), and the propagation speed of 1.97 T is the same as for 1 T because electron-impact ionization increases with second-harmonic ECR. 
Enhancement of energy absorption with an external magnetic field
The energy absorption rate by the electron is evaluated using PIC-MCC simulation because thrust performance of the microwave rocket depends on this absorption rate. Without a magnetic field, microwave energy is not effectively converted to electron energy at higher pressure because electron acceleration is disturbed by frequent elastic collision (Fig. 4) . The absorption rate is also low for less than 0.06 atm because the electron follows with only a simple harmonic motion of the incident wave, which decreases impulse performance at lower pressure.
The absorption rate becomes maximum at 0.1 atm because microwave frequency corresponds to elastic collision frequency.
The absorption rate does not improve for 1 T because resonance heating does not occur with this condition. However, the heating rate increases with 1.97 T with second-harmonic ECR. For ECR of 3.93 T, the absorption rate increases with decreased pressure because electron cyclotron motion is maintained due to decreased elastic collision frequency in the rarefied condition. Thrust performance can be improved using second-harmonic ECR because enhancement of the energy absorption drives the stronger shock wave. 
Improvement of thrust performance by an external
magnetic field Thrust performance of the microwave rocket is assessed using CFD simulation based on the result of PIC-MCC and FDTD coupling calculation. The energy absorption rate and the propagation speed of the ionization front are estimated using particle simulation. The absorbed energy is deposited into the flowfield to induce a shock wave in the microwave-rocket nozzle. The heating region is moved by the propagation speed of the ionization front in the fluid simulation. Thrust performance can be overestimated in this fluid simulation when the external magnetic field is applied because non-uniformity of the external magnetic field is ignored. It is necessary to conduct multi-dimensional plasma simulation to understand breakdown physics in a non-uniform magnetic field and to predict precise thrust performance; however, multi-dimensionality of the magnetic field is beyond the scope of this paper. Quantitative evaluation of thrust performance cannot be conducted by this simulation because multi-dimensionality is ignored. However, it is possible to estimate qualitative thrust performance of the microwave rocket by combining the result of 1D particle simulation with the CFD simulation. Mechanism of thrust decrease at lower pressure is identified, and effectiveness of the external magnetic field is assessed to maintain the thrust performance at lower pressure.
Without the magnetic field, the thrust is low at 0.006 atm because the generated shock wave is weak due to the low absorption rate and the faster propagation of the ionization front (Fig. 5) . However, the thrust becomes greater with 3.93 T because the energy absorption rate increases with ECR heating, and the propagation speed is suppressed by the magnetic field. For 3.93 T, the impulsive thrust is obtained at the early stage of shock wave propagation because the strong shock wave interacts with the thruster wall ( Fig. 6(a) ). Negative thrust is obtained after positive pressure of the shock wave because the expansion wave remains in the rocket nozzle (Fig. 6(b) ). After the negative thrust, the thrust becomes positive again when the positive pressure reflected by the nozzle sidewall interacts with the thruster. The thrust becomes zero when the shock wave passes completely through the rocket nozzle, and the net thrust becomes positive. Momentum coupling coefficient C m is assessed using temporal integration of the obtained thrust;
Without the external magnetic field, the maximum C m is obtained at 0.1 atm because the energy absorption rate is maximum when the incident microwave frequency corresponds to the elastic collision frequency (Fig. 7(a) ). C m decreases at less than 0.06 atm because of the faster propagation of the ionization front and the low absorption rate. The thrust performance became maximum at 0.1−0.6 atm in past propulsion experiments without the magnetic field, 1, 2) which qualitatively agrees with the simulation result without the magnetic field. The energy absorption rate does not improve with 1 T; however, C m becomes 4.5 times larger than for 0 T at 0.006 atm because a stronger shock wave is generated in the rocket nozzle by suppressing the propagation speed due to magnetic confinement ( Fig. 7(b) ). Thrust performance can be improved by controlling the propagation speed of the plasma filament using the magnetic field, even if the resonance conditions are not satisfied. With 1.97 T, C m increases at less than 0.06 atm because the energy absorption rate increases with second-harmonic ECR heating. Large C m is also obtained in comparison with the no-magnetic field case if 1.31 T is applied to the discharge volume because thirdharmonic ECR heating occurs. The energy absorption rate does not improve with fourth-harmonic ECR heating under 0.975 T because the electron cyclotron frequency is comparable to the elastic collision frequency, and the thrust performance becomes same level as the 1-T case without resonance heating. With 0.785 T, the thrust performance is slightly larger than that of 0 T because fifth-harmonic ECR heating and magnetic confinement occur in the breakdown volume. C m drastically increases with decreasing ambient pressure with ECR heating for 3.93 T, and C m becomes 450 times greater than for 0 T at 0.006 atm.
The combination of magnetic confinement and resonance heating drastically improves the impulse performance of the microwave rocket. The propagation speed with 3.93 T becomes faster than that of 1 T; however, the thrust performance with ECR exceeds 1 T because performance improvement by ECR heating is dominant. It is better to use ECR heating to enhance the shock wave even if the propagation speed is increased by resonance heating.
Conclusion
The particle model of plasma was coupled with electromagnetic wave propagation to reproduce the discharge structure induced by intense microwaves under an external magnetic field. Without the magnetic field, the propagation speed of the ionization front increases with decreased ambient pressure because the electron easily diffuses due to low elastic collision frequency. Applying an external magnetic field suppresses the propagation speed by restricting electron diffusion at lower pressure because the electron cannot cross the magnetic field due to low collision frequency. Propagation speed is accelerated for 1.97 T because electron-impact ionization is enhanced with second-harmonic ECR heating. For 3.93 T, the propagation speed becomes greater than for 1 T at lower pressure due to increased ionization frequency by electron heating with ECR. The energy absorption rate decreases with decreased ambient pressure because elastic collision frequency becomes lower, which degrades the thrust performance of the microwave rocket. However, ECR heating and its higher harmonics improve the energy absorption rate at lower pressure when 3.93 T and 1.97 T are applied to the discharge volume. Fluid simulation was conducted to estimate the thrust induced by shock wave propagation inside the microwave-rocket nozzle. The thrust performance of the microwave rocket improves with the combination of magnetic confinement and resonance heating using the external magnetic field. 
